Received for publication July 20, 1961 AMONG other specific fields the role of sulphydryl groups in both tumorigenesis and the developed tumour has received considerable attention. Because of technical difficulties associated with the measurement of -SH groups within tissues much of this work has only been via indirect approaches. Recently Calcutt and Doxey (1959) described a technique which gives quantitative measurements of free -SH groups within tissues. Further application of this technique during studies with carcinogenic and related agents has led to the hypothesis that an elevation in the target tissue sulphydryl level is an essential feature of tumour induction -Calcutt, Doxey and Coates (1961a) . The purpose of the present paper is to summarise the evidence for this hypothesis and to examine the hypothesis in the light of other evidence available in the literature. It must be stressed that all data and conclusions referred to are in association with the induction phase of tumours and are not applicable to the formed tumour.
Evidence for a rise in tissue -SH levels during tumour induction Measurements of sulphydryl levels fall into three main classes, namely: measurements of reduced glutathione: measurements of free tissue -SH plus reduced glutathione: measurements of free tissue -SH. Additionally there are in the literature a number of examples of measurements after tissue denaturation, as by homogenisation, grinding procedures, or fixation. These have been disregarded as not being any approximation to the state of the normal tissue.
Findings relative to total -SH or glutathione -SH in susceptible tissues treated with chemical carcinogens in a manner likely to induce tumour formation are summarised in Table I . In all cases elevations in -SH levels have been recorded and usually over periods ranging from several weeks to several months. In limited series of measurements on rat livers treated with N.2-fluoroenylacetamide or p-dimethyl-aminoazobenzene, Calcutt, Doxey and Coates (1960) found that rises in total -SH levels were comprised of rises in both protein bound and glutathione -SH.
A number of other records of -SH measurements during tumour induction also occur in the literature. Crabtree (1946) failed to find any alterations in the glutathione content of mouse skin after painting with 3,4-benzopyrene or In short term experiments (up to 6 hours) Wrood and Kraynak (1953) found a fall in the plasma -SH level of dogs which had been injected with 3,4-benzopyrene. This may be merely a reflection of the fall in liver -SH levels which Calcutt, Doxey and Coates (1959) found to occur temporarily after intravenous injection of 3,4-benzopyrene into mice. Another possibility which must be considered is that agents chemically related to carcinogens would have similar effects to the carcinogens in susceptible tissues. Here the evidence is very limited. In the case of mouse skin Calcutt and Coates (1961) have found that repeated paintings with anthracene or pyrene will induce slight falls in -SH levels or have no effect.
The evidence so far, although not conclusive, does favour the view of a rise in tissue -SH levels in susceptible tissues being associated with carcinogenesis. It is now necessary to examine some other factors involved in this problem.
Some miscellaneous factors affecting tissue -SH levels
The distribution and availability of sulphydryl groups within tissues is liable to be influenced by the physiologic state of the animal or tissue in question. It has been found by Calcutt, Doxey and Coates (1961b) that deletion of riboflavin from the diet of mice causes a rise in liver -SH levels, whilst the injection of riboflavin causes a rapid and sustained fall in -SH levels. Deletion of pantothenate or thiamine from the diet also causes temporary rises in skin -SH levels (Calcutt, 1961a) . A rise in the glutathione content of rabbit muscles can be brought about by the injection of pituitary growth hormone (Gregory and Goss, 1934; Goss and Gregory, 1935) . In a more recent review, Lazarow (1954) summarises an extensive literature and shows that hypophysectomy causes a lowering of glutathione levels in most tissues. Glutathione levels in blood and tissues are also influenced by adrenal, thyroid, pancreatic and parathyroid hormones (Lazarow, 1954 ).
An entirely different class of compounds has also been found, capable of influencing tissue -SH levels. These are the cocarcinogenic agents. Calcutt and Coates (1961) have shown that croton oil causes an elevation in mouse skin total free -SH values for up to five weeks during repeated painting. Oleic acid also causes an elevation of mouse skin -SH levels (Calcutt, 1961c ). An indication that Tween 60 (polyoxyethylene sorbitan monostearate) which is also cocarcinogenic behaves in a similar fashion is given by the finding of Setala, Ayrapaa, Niskanen, Stjernvall and Nyholm (1960) that mouse skin treated with this agent stains more intensively for -SH groups than does normal skin.
Some factors enhancing tumour formation and their relation to sulphydryl groups During the course of experiments devoted to the experimental production of tumours a number of factors enhancing tumour formation have been elicited. Tannenbaum (see review by Tannenbaum and Silverstone (1957) ), has concluded that overfeeding increases the yield of experimental tumours. The major action was found to occur during the developmental phase, i.e. the period during which rises in -SH levels occur (Table I) . If the rise in -SH involved extra cellular requirements for sulphur containing compounds then this could be provided by the additional feeding of the animal during this period. Baumann (1948) has pointed out that dietary supplements of cystine augment the formation of a variety of tumours. This again could be the supplying of a basic substrate required for tissues to develop a high -SH level.
Another factor which enhances tumour development is a diet high in certain fats. This will influence tumour formation after treatment with p-dimethylaminoazobenzene (Kline, Miller, Rusch and Baumann, 1946) , or polycyclic hydrocarbons (Tannenbaum, 1944) . In this latter case it has been shown that the animals on a high fat diet eat more and thus a high calorie intake is achieved leading to a situation similar to that considered in the previous paragraph. Even when allowance is made for this increased calorie intake there is still a slight augmentation. A possible clue to this effect may lie in the finding by Kaunitz, Johnson and Slanetz (1952) that rancid fat can accelerate the utilisation of riboflavin, an agent known to be protective against certain types of tumour formation and also able to affect -SH levels (see above).
The best known example of an enhancing factor is the use of croton oil in skin painting experiments after a minimal dose of carcinogen. Calcutt and Coates (1961) (1944) , that aldehydes inhibit carcinogenesis since Schubert (1936) has shown aldehydes to react with thiol compounds. Mustard gas is another compound which reacts with -SH groups and this was found by Berenbluim (1935) to inhibit the induction of tar tumours.
On the alternate policy of offering sulphydryl which would compete with that in the tissue for carcinogens Crabtree (1948) Rosicky and Hatschek (1943) to diminish the yield of mouse skin benzopyrene tumours when painted concurrently with the carcinogen. It has since been claimed by Flesch and Goldstone (1952) that Vitamin A inactivates epidermal -SH groups. Pelc and Fell (1960) have found excess Vitamin A to severely limit the uptake of cystine throughout the epithelium of chick embryo. This might indicate a limitation of substrate available for the formation of -SH groups.
Reference has already been made to the general lowering of tissue glutathione levels brought about by hypophysectomy. This procedure has also been found to profoundly influence the production of experimental tumours. Both delay in the appearance of a tumour and total suppression of tumour formation have been recorded. The findings in these experiments have been summarised in Table III . Human preneoplastic conditions in relation to sulphydryl levels Gradually it has become recognised that certain human disease states are associated with a high incidence of tumour occurrence.
A well recognised condition is that of oral leucoplakia, and this has been found by Abels, Rekers, Martin and Rhoads (1942) to be associated with dietary insufficiencies of Vitamins A and B2 (riboflavin) and often to respond to improved diet. Evidence has already been given implicating Vitamin A and B levels with the sulphydryl content of tissues. It is under conditions of low vitamin levels that increased -SH levels might be expected, and in this case there is an association of low vitamin levels with a precancerous state.
A deficiency of riboflavin has also been associated with the Patterson-Kelly (Plummer-Vinson) syndrome by Ahlbom (1936) . This condition is believed to predispose to carcinoma of the nasopharynx. Vitamin deficiency has also been incriminated in the aetiology of liver cancer amongst the Bantus (Berman, 1951) . Stocks and Karn (1933) concluded that the regular consumption of milk, green vegetables and possibly wholemeal bread had some kind of protective influence against cancer. It may not be without point that these foodstuffs are major sources of riboflavin.
Sulphydryl levels at the end of the latent period
In the earlier part of this paper, evidence was offered that a rise in the target tissue -SH level occurs during the latent period. This rise was often of a duration much shorter than the latent period for the carcinogen and tissue in question. The question as to what happens to -SH levels up to the appearance of the tumour must be considered. The available evidence is limited. Boyland and Mawson (1938) continued their glutathione estimations on the livers of mice treated with 3,4: 5,6-dibenzcarbazole until bile duct proliferation occurred. After 120 days most values had returned to the normal level. Fiala and Fiala (1959) in their estimations of glutathione in azodye treated rat liver, found that after the rise period (30-80 days) there was a progressive decline up to 210 days after initiation of treatment. Although the experiments were not carried on long enough there are indications in some of the results of Calcutt, Doxey and Coates (1960, 1961) that after the rise period there is a fall to below normal levels.
There are, additionally, some indications that this reduced -SH level persists iinto the formed tumour. Thus, Fiala and Fiala (1959) found much lower levels of glutathione in both azo dye induced hepatomas and the Novikoff hepatoma as compared with normal rat liver. Kinosita (1938) found primary rat hepatoma to have a lower glutathione content than rat liver. Greenstein and Leuthardt (1945) found the total cysteine content of four different rat tumours to be rather lower than that of normal rat tissues. Doxey (unpublished data) has found azo dye induced rat hepatoma to have both a lowered glutathione and lowered protein -SH content as compared with normal rat liver. Benzopyrene induced epitheliomata of mouse skin also had a low total -SH content as compared with normal mouse skin. Several transplantable mouse tumours were also found to have rather low total -SH values.
Sulphydryl levels in relation to stages of carcinogenesis It is now generally accepted that the carcinogenic process involves at least two different stages. These are usually referred to as " initiation " and promotion The data which has already been collected must also be considered in terms of these stages in the carcinogenic process.
Initiation usually only requires a single treatment with the carcinogenic agent. It was found by Di Paolo and Niedbala (1957) that single applications of 1,2: 5,6-. dibenzanthracene or 7,12-dimethylbenzanthracene caused temporary -SH rises in mouse skin -SH levels. Calcutt and Coates (1961) obtained a similar result with 7,12-dimethylbenzanthracene. Di Paolo and Niedbala (1957) also recorded slight falls in -SH level shortly after application of the hydrocarbons. These may have been associated with metabolism of the hydrocarbons since Calcutt, Doxey and Coates (1959) associated similar slight falls in mouse liver -SH values after treatment with carcinogenic hydrocarbons with detoxication processes. Examination of the figures in Table I suggests that in many cases there has been no effect whatever until several applications of the agent have been made. On the basis 679) of this restricted evidence no conclusions can be drawn as to any immediate effects upon -SH levels. Calcutt and Coates (1961) The -SR measurements, however, do offer a direct estimate of the biochemical status of the tissue from the time of initiation through to the emergence of the developed tumour, and as such offer considerable scope for the further assessment of factors influencing carcinogenesis.
Evidence for the origin of the -SH groups which appear in tissues during the early stages of treatment with carcinogenic chemicals or cocarcinogens is lacking. Again the question as to what happens to this material during the later stages of carcinogenesis still requires an answer.
This paper has collected together data from many and varied sources. Much of this information is superficially unrelated but on the basis of involvement with sulphydryl levels a unifying factor is apparent. The original hypothesis that an elevated sulphydryl level in the target tissue is an essential for tumorigenesis has been found consistent with other data in the literature. At the same time it is suggested that a more complete picture would be one of elevation of tissue -SH levels followed by a fall to subnormal values and the persistence of this latter value into the formed tumour.
No excuse is offered for this paper being speculative in parts ; it is merely hoped that this will help to stimulate further experimental work and the publication of data which will help to confirm or refute the ideas which have been expressed. SUMMARY 1. The evidence for chemical carcinogens causing a rise in target tissue sulphydryl levels has been summarised.
2. It has been shown that many agents or factors promoting or inhibiting carcinogenesis can affect tissue -SH levels in a manner which is predictable on the hypothesis that elevated tissue -SH is an essential part of the carcinogenic process.
3. It is concluded that during carcinogenesis a period of elevated tissue -SH occurs and is followed by a period of subnormal levels. This latter subnormal level is persistent into the resultant tumour.
4. Influence upon sulphydryl levels is a unifying factor which connects much apparently unrelated experimental data.
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